Ljungan virus (LV) has been isolated/detected from rodents in a limited area including European countries and the USA. In this study, we isolated an LV strain from faecal samples of wild birds that had been collected in Japan, and determined the nearly complete sequence of the genome. Sequence analyses showed that the isolate possesses an LV-like genomic organization: 5UTR-VP0-VP3-VP1-2A1-2A2-2B-2C-3A-3B-3C-3D-3UTR. Phylogenetic and similarity analyses based on the VP1 region indicated that the strain constitutes a novel genotype within LV. In addition, we identified species origin of the faeces as gull species by using the DNA barcoding technique. These data suggested that the novel LV strain infected a gull species, in which the virus had not been identified. Taken together, this study has provided the first evidence of the presence of a novel LV in Japan, highlighting the possibility of LV infection in birds.
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Ljungan virus (LV) is a member of the genus Parechovirus within the family Picornaviridae (Knowles et al., 2012) . The positive-stranded picornaviral RNA genome contains one long open reading frame (ORF) encoding a single polyprotein that is processed to mature viral proteins by proteolytic processing. The first isolation of LV was from bank voles (Myodes glareolus) in Sweden in 1998 (Niklasson et al., 1999) . Wild rodents are thought to be natural hosts of the virus (Johansson et al., 2002; Niklasson et al., 1998) . Importantly, previous studies suggested that the virus is a zoonotic agent of several diseases including type 1 diabetes, Guillain-Barr e syndrome and myocarditis, and also causes intrauterine foetal death (Niklasson et al., 1998 (Niklasson et al., , 2007a Nilsson et al., 2015) .
LVs have so far been detected/isolated in a limited number of countries including Sweden, the UK, Denmark, Italy and the USA (Hauffe et al., 2010; Johansson et al., 2003; Niklasson et al., 1999 Niklasson et al., , 2007b Salisbury et al., 2014; Tolf et al., 2009) . Only seven LV strains isolated in Sweden and the USA have been completely or nearly completely sequenced (Johansson et al., 2003 (Johansson et al., , 2002 Tolf et al., 2009) . Genetic analyses of these strains showed that LVs can be divided into four genotypes (genotypes 1-4) (Johansson et al., 2003; Pounder et al., 2015; Tolf et al., 2009) . Previous studies have also shown the geographical distribution of the four genotypes of LV strains: LVs isolated in Sweden belong to genotypes 1 and 2, while North American strains are classified as genotypes 3 and 4 (Pounder et al., 2015; Tolf et al., 2009) . In this study, we isolated LV from wild bird faeces collected in Japan, where the virus had not been identified. Genetic analyses showed that the isolated LV is genetically distinct from known LVs.
Faecal samples of wild birds were collected in Hokkaido, Japan, for epidemiological surveillance of influenza virus in 2014. All of the specimens were recovered from the ground and subjected to 20 % suspension with PBS. Among these faecal samples, 442 specimens that were negative for influenza virus were used for detection of rotavirus A. Briefly, pooled samples were prepared by mixing with an equal volume of each of 8-10 suspensions and examined for rotavirus A by RT-PCR. Since an avian-like rotavirus A was detected from one of the pooled samples that contained 10 individual faecal suspensions, the rotavirus-positive sample was inoculated into the monkey kidney epithelial cell line MA104 by a method similar to that reported previously (Fukusho et al., 1981) for isolation of rotavirus A. Although a cytopathic effect (CPE) was observed at the third blind passage, we could not detect rotavirus genes in the culture supernatant.
Next-generation sequencing (NGS) was performed to identify the isolate. Total RNA was extracted from the culture supernatant using ISOGEN-LS (Nippon Gene), followed by DNase I. A cDNA library was prepared by using an NEB Next mRNA Prep Master Mix kit (New England Biolabs) according to the manufacturer's instructions. Sequencing was carried out on a MiSeq bench-top sequencer (Illumina). Contigs were assembled from the obtained sequence reads using the de novo assembly command in the CLC Genomics Workbench (CLC bio). Using the assembled contigs as query sequences, the BLAST non-redundant nucleotide database was searched using the blastn program. Rapid amplification of cDNA ends (RACE) was carried out to determine 5¢ and 3¢ terminal sequences. Secondary structure elements within the 5¢ untranslated region (UTR) were predicted by using Mfold (Zuker, 2003) . Phylogenetic analysis was performed using MEGA version 6.02 software (Tamura et al., 2013) . Sequence alignments were carried out using the Clustal W algorithm integrated tool within the software. Genetic distances were calculated in MEGA version 6.02 software using the Jones-Taylor-Thornton (JTT) parameter at the amino acid level, and phylogenetic trees were reconstructed using the maximum-likelihood method with 1000 bootstrap replicates.
The DNA barcoding technique was used to identify the species origin of faeces (Waugh, 2007) . Briefly, the barcode region of mitochondrial cytochrome oxidase I (COI) genes was amplified by PCR methods using two pairs of primers that were each designed to detect the COI genes of all species of birds and all species of mammals, respectively (Hebert et al., 2004; Ivanova et al., 2012) . Generally, genomic DNA samples extracted from specimens are used for amplification of the COI gene. In this study, since individual faecal samples were exhausted for detection of rotavirus A, we attempted to amplify the COI gene using RNA solution extracted from the rotavirus-positive pooled sample. The nucleotide sequence of the PCR amplicon was determined by direct Sanger sequencing and analysed by using the online species identification tool BOLD systems ver.3 (http://www.boldsystems.org/).
BLAST analyses of assembled contigs showed that a large sequence contig [approximately 7500 nucleotides (nt)] shared a high degree of nucleotide identities with LVs. Despite using some isolate-specific primers designed on the basis of the nucleotide sequence that was determined by NGS and additionally confirmed by Sanger sequencing, we were not able to determine the 5¢ termini sequence by several 5¢ RACE attempts. The length of 5¢ UTR determined in this study was 751 nt. A single ORF of the isolate was 6771 nt and encoded 2256 amino acids, followed by an 81-nt-long 3¢ UTR and poly(A) tail. The nucleotide sequence of the strain was deposited in the GenBank database (GenBank accession no. LC133331).
Comparative analyses of amino acid sequences revealed that the individual protein cleavage sites conserved among representative LV strains were present in the isolate (data not shown), indicating that the isolate possesses an LV-like genomic organization including the presence of a cluster of two unrelated 2A proteins that are found only in LVs: 5¢ UTR-VP0-VP3-VP1-2A1-2A2-2B-2C-3A-3B-3C-3D-3¢UTR. Phylogenetic analyses based on the VP1 protein showed that the isolate is positioned within parechovius B species (Fig. 1) . These data clearly indicate that the isolate is an LV, and we named the strain Fuz1.
Previous studies have shown that the genome sequences of LVs belonging to the same genotype are not diverse (Johansson et al., 2002; Pounder et al., 2015) ; in LV of both genotypes 1 and 2, the identities of the polyprotein among intra-genotype LVs exhibited >92 % and >97 % nucleotide and amino acid sequence identities, respectively. However, the polyprotein of strain Fuz1 showed 73.5-76.6 % and 81.3-87.9 % identities with established LV strains at the nucleotide and amino acid levels, respectively (Table 1) . It therefore seems that Fuz1 strain has genotypic features that are distinct from those of established LV strains.
Authentic genotyping classification criteria for LV have not yet been established. The sequence-based typing system of enterovirus was used in previous studies for classification of LV genotypes (Pounder et al., 2015; Tolf et al., 2009) . In genetic typing of enteroviruses, the isolate is considered homologous to a known genotype if the VP1 nucleotide and amino acid sequence identities are >75 % and >88 %, respectively (Oberste et al., 1999) . The nucleotide and amino acid sequences of VP1 of Fuz1 strain showed 66.0-72.0 % and 71.5-85.1 % identities with those of established LV strains, respectively (Table 1 ). In addition, although phylogenetic analyses based on the VP1 amino acid sequence showed that Fuz1 strain was more closely related to Swedish LV strains belonging to genotype 1 (87-012 and 174F strains), Fuz1 strain clustered separately from a clade formed by genotype 1 LVs (Fig. 1) . These findings suggest that Fuz1 strain represents a new genotype.
However, several key motifs conserved in established LV strains were found in the novel LV Fuz1 strain. The type II internal ribosome entry site (IRES) was predicted within the 5¢ UTR of Fuz1 strain as well as all established LV strains (Fig. 2a) . The GNRA tetraloops, which are critical for the structure and function of II IRES elements (Fernandez-Miragall et al., 2006; López de Quinto et al., 1997; Robertson et al., 1999) , were also conserved in stem loop I and J domains. In addition, the initiation codon of the strain is in optimal Kozak context ANNAUGG (Kozak, 1986) . The 2A1 DvExNPG|P motif, which has been suggested to be responsible for LV 2A1 C-terminal polyprotein processing (Johansson et al., 2002) , was conserved in the genome of Fuz1 strain (Fig. 2b) . The conserved nucleotide sequence of LV cis-acting replication element (cre) in the 3B region was also confirmed (Fig. 2c) . Our data have provided further support that these motifs are common characteristics of the LV genome.
The avian COI gene was detected by PCR in the pooled faecal specimens from which Fuz1 strain had been isolated. Analysis using the BOLD systems tool revealed that the determined nucleotide sequence of the avian COI gene shared high identities (>99 %) with the gene sequences of 15 gull species including Larus canus, Larus fuscus and Larus heuglini. This finding indicated that the faecal sample originated from gull species, although due to the high nucleotide identities among COI genes of these gull species, this method could not specify the single species that had harboured Fuz1 strain in faeces. Based on these data, we speculate that Fuz1 strain infected a gull species and was excreted in the faeces. Until this study, LV had been isolated only from rodents (Johansson et al., 2003 (Johansson et al., , 2002 Niklasson et al., 1999; Tolf et al., 2009) . Therefore, this study has provided the first data suggesting LV infection in birds (gull species).
In addition to the above-described possibility of LV infection in gull species, there is also the possibility that the faecal samples were contaminated with LV in the environment since the samples were recovered from the ground. However, the faecal samples contained a sufficient amount of infectious LV for isolation with cultured cells. Thus, contamination of the faecal sample with an environmental virus is unlikely. There is also the possibility that predation by a gull on an infected rodent resulted in contamination of the faecal sample with rodent LV in the digestive tract. Although we cannot exclude this possibility, it should be emphasized that COI genes of any mammal species were not detected by PCR in the faecal sample, and therefore there was no evidence that the faecal samples contained residual tissue of rodents. Taken together, our data suggest that the possibility of LV infection in gull species is higher than that of contamination of the faecal samples with LV in the environment or digestive tract of a gull. To determine whether Fuz1 strain has the ability to infect birds, further examinations including infection experiments using gulls or other avian species will be required.
Here, we have provided the first evidence of the presence of a novel LV in Japan, raising the possibility that the virus is prevalent worldwide. Further epidemiological surveillance of LV in wild animals, including birds, will be needed to evaluate the geographical distribution, host range and genetic character of LVs in nature.
